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NOMENCLATURE 


English  Letter  Symbols 


A  Matrix  total  heat  transfer  area,  ft2 

2 

A  Matrix  minimum  free  flow  area,  ft 
c  * 

2 

A^r  Matrix  total  frontal  area,  ft 

A  Solid  matrix  cross  sectional  area  available  for  theraal 
conduction,  ft2 

2 

A^  Conduction  area  corrected  for  effect  of  perforations,  ft 

2 

A*  Plane  surface  area,  ft 

a  Plate  thickness,  ft 

a  Short  side  of  a  rectangular  flew  passage,  ft 
b  Plate  spacing,  ft  or  in. 
b  Long  aids  of  a  rectangular  flow  passage,  ft 

C  Flow  stream  capacity  rate,  (mcp),  Bt»j/fhr  *F) 

C  Matrix  capacity,  W  c  ,  Btu/*F 

8  8  8 

c  Specific  heat  at  constant  pressure,  Btu/(lbm*F) 

P 

c  Matrix  material  specific  heat,  Btu/(lbm*F) 

8 

Djj  Hydraulic  diameter,  4rh 

d  Inside  pipe  diameter,  in. 

2 

E  Flow  friction  power  per  unit  area,  HP/ft 

f  Mean  friction  factor,  dimensionless.  This  is  the  "small" 
or  "Fanning"  friction  factor.  (Ratio  of  wall  shear  stress 
to  the  fluid  dynamic  head.) 

G  Exchanger  flow  stream  mass  velocity,  (m/Ac> ,  lbm/(hr  ft4) 

g  Proportionality  factor  in  Newton's  Second  Law,  g  *32.2 
c  (lbm  ft) / (lbf  sec2)  c 

h  Unit  conductance  for  thermal  convection  heat  transfer, 
Btu/(hr  ft2  *F),  or  heat  transfer  power  per  unit  area 
per  degree  temperature  difference,  Btu/(hr  ft2  *F) 


vl 


2/3 

Colburn  factor  -  NgT  flpR  ,  heat  transfer  characteristic, 
dimensionless 

Colburn  j  factor  based  on  plane  surface  area.  A*,  dimension¬ 
less 

Contraction  loss  coefficient  for  flow  at  heat  exchanger 
entrance  or  exit  respectively,  dimensionless 

Unit  thermal  conductivity,  Btu/(hr  ft^  °F/ft) 

2 

Matrix  thermal  conductivity,  Btu/(hr  ft  *F/ft) 

Total  matrix  flow  length,  ft 

Mass  flow  rate,  lbm/hr 
2 

Pressure,  lbf/ft 

Porosity  for  matrix  surfaces,  dimensionless 
Heat  transfer  rate,  Btu/hr 

Gas  constant,  (ft  lbf)/(lbo  *R) ,  (53.35  for  air) 

Hydraulic  radius,  (A  L/A)  ,  ft,  (4r.  •  hydraulic  diameter) 

c  n 

Solidity  of  a  perforated  material,  1-u,  dimensionless 
Absolute  temperature,  degrees  Rankine,  *R 
Temperature,  degrees  Fahrenheit,  *F 
Matrix  volume,  ft3 

Material  volume  corrected  for  effects  of  perforations 
Mass  of  matrix,  lbm 

Distance  along  the  flow  passage  in  direction  of  flow,  ft 
a'ools 

Aspect  ratio  of  a  rectangular  flow  passage,  b/a,  dimension¬ 
less 

Compactness;  ratio  of  total  heat  transfer  area  to  the  volume 
between  the  plates,  ft2/ ft3 

Denotes  difference 


Fin  thickness,  ft 


Greek  Letter  Symbols  (continued) 


C 

9 

X 

T 

V 

U 

P 

a 

♦ 

I 

£ 

MSSE&BU 

eta 

f 

1 

k 


o 

e 

STD 

1 

2 


Conduction  area  reduction  ratio  due  to  perforations  in 
perforated  material;  cross  sectional  area  of  perforations/ 
cross  sectional  area,  dimensionless 


Time 


k  A 
8  8 

Longitudinal  conduction  parameter,  m 

P 


dimensionless 


Time  parameter 

Fluid  viscosity  coefficient,  lb®/hr  ft 

Area  reduction  ratio  due  to  perforations  in  perforated 
material,  dimensionless 

Density,  lbm/ft^ 

Ratio  of  freeflow  area  to  frontal  area,  A  /A-  ,  dimensionless 
Denotes  "function  of" 

Compactness  for  perforated  material  including  the  effect 
of  area  reduction,  A*s/V  ,  dimensionless 


Summation 


Local  atmosphere 
Fluid 

Initial,  individual 
Equivalent 

Mean  or  matrix,  as  appropriate 
At  orifice 

(Matrix  material)  solid 
Standard  temperature  and  pressure 

Upstream 

Downstream 
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Nr  Reynolds  number,  (4r^G/y) ,  a  flow  modulus 
NR^  Reynolds  number  for  pipe,  (dG/u) 

NL.  Stanton  number,  (h/Gc  ),  a  heat  transfer  modulus 

at  P 

Nusselt  number,  (h4r^/k) ,  a  heat  transfer  modulus 

Npf  Prandtl  number,  (uc^/lc) ,  a  fluid  properties  modulus 

NTu  Number  of  heat  transfer  units,  (hA/mc^) 

j  Generalized  heat  transfer  grouping  -  Colburn  "j"  factor, 

<"sAr  3>-  This  factor  versus  defines  heat  transfer 
characteristics  of  the  surface. 


f  Mean  friction  factor.  This  is  the  "small"  or  "Fanning" 
friction  factor  (Ratio  of  wall  shear  stress  to  the  fluid 
dynamic  head) .  This  factor  versus  NR  defines  the  fric¬ 
tion  characteristics  of  the  surface. 


X  Conduction  parameter,  ksAg/mLc_  for  solid  material; 

ksAk/&Lcp  for  perforated  material 

XR  Equivalent  conduction  parameter  (corrected  for  equivalent 
length  in  perforated  material) ,  x£ 

r  Time  parameter,  6 

8  s 
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INTRODUCTION 


The  present  investigation  is  an  outgrowth  of  the  continuing  program 
at  Stanford  University  [8]*  for  the  evaluation  of  heat  transfer  surfaces. 
The  experimental  work  reported  by  Howard  [4]  was  performed  at  the  U.  S. 
Naval  Postgraduate  School,  I'font-arey,  and  a  continuation  of  that  work  is 
presented  herein. 

DESCRIPTION  OF  SURFACES 

The  eight  compact  heat  exchanger  surfaces  tested  were: 

1.  Skewed  passage 

a.  20° total  skew  angle;  160/40  TV  perforated  nickel 

2.  Modified  parallel  plate 

a.  160/40  Tv  perforated  nickel 

b.  160/40  Q  perforated  nickel 

c.  125  M  perforated  nickel 

d.  125  P  perforated  nickel 

e.  50  G  perforated  nickel 

ft  160/40  TV  perforated  nickel  fins  with  solid  nickel  splitters 
g.  solid  nickel 

The  skewed  passage  surface  employs  corrugated  sheets  of  160/40  TV  per¬ 
forated  nickel,  stacked  alternately  with  the  lines  of  corrugations  10* 
from  the  flow  direction,  thereby  forming  a  total  angle  of  20*  between 


^Numbers  in  brackets  refer  to  numbered  items  listed  In  References, 
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adjacent  stacked  plates.  It  is  the  same  geometry  as  one  employed  by 
Howard  [4].  The  modified  parallel  plate  surfaces  were  made  by  alternately 
stacking  a  formed  plate  and  a  plane  splitter  plate  to  prevent  nesting,  as 
shown  in  the  sketch  below  and  in  the  enlarged  photograph  of  Figure  30. 
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_Lr£ 
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- S' -  a 


— b  -4 


The  flow  channels  formed  by  this  geometry  may  be  compared  to  rectangular 
channels  with  an  aspect  ratio,  a  *  b/a,  of  about  7. 

The  perforated  nickel  plate  employed  is  an  electro-deposited  metallic 
sheet  of  Integral  structure  manufactured  by  Perforated  Products,  Incorporated. 
This  material  is  described  in  detail  in  Appendix  C.  The  geometrical  and 
physical  properties  of  the  surfaces  are  given  in  Figures  3  through  7 . 

All  matrices  formed  had  a  frontal  cross  section  of  approximately 
3.2  Inches  square  and  a  length  of  2.0  Inches  in  the  flow  direction.  All 
matrices  had  flow  passages  with  a  hydraulic  diameter  of  approximately 
.002  feet,  thus  the  L/D^  ratio  in  all  cases  was  of  the  order  of  83. 
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PRESENTATION  OF  RESULTS 


Heat  transfer  and  flow  friction  data  for  each  matrix  investigated 
are  given  in  both  tabular  and  graphical  form,  TABLES  I  through  VIII  and 
Figures  9  through  16,  using  the  Colburn  j  modulus,  Fanning  friction  factor, 
and  Reynolds  number.  In  evaluating  the  Reynolds  number,  the  hydraulic 
diameter,  which  is  defined  as  four  times  the  hydraulic  radius,  was  used. 

The  effects  of  entrance,  exit,  and  flow  acceleration  have  been  considered 
in  the  evaluation  of  f.  (See  Appendix  A). 

Figures  17  through  22  show  heat  transfer  and  friction  comparisons 
between  various  matrices  investigated.  Also  plotted  in  Figure  18  for 
comparison  purposes  are  the  theoretical  laminar  flow  solutions  for 
parallel  plates  -and  rectangular  passages  [6,  8,  11].  Both  solutions  are 
for  an  infinite  length  to  hydraulic  diameter  ratio,  and  the  heat  transfer 
solutions  are  for  constant  wall  temperature.  In  Figures  23  through  25, 
"figure  of  merit"  type  curves  are  presented.  The  J/f  versus  Reynolds 
number  thus  plotted  gives  an  indication  of  the  required  matrix  flow 
frontal  area  for  a  given  pressure  drop. 

Lastly,  in  Figures  26  through  28,  heat  transfer  power  versus  flow 
friction  power  curves  on  a  unit  area  basis,  evaluated  for  fluid  proper- 
ties  at  standard  conditions  of  dry  air  at  500*F  and  one  atmosphere,  are 
presented  (See  Appendix  A). 

EXPERIMENTAL  METHODS 

To  obtain  the  heat  transfar  data,  a  transient  technique  was  employed. 
Briefly,  this  method  consists  of  heating  the  test  matrix  by  heated  air 
to  a  uniform  temperature  (approximately  20 *F  above  ambient  in  these  teats) 
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and  then  subjecting  the  matrix  to  a  step  change  in  the  air  flow  tempera¬ 
ture  to  ambient  temperature.  The  air  temperature  ddwnstream  of  the 
matrix  is  monitored  and  recorded  versus  time.  There  are  several  ways 
of  constructing  such  a  test  rig  [4,  10,  12].  The  one  used  in  these  tests 
is  shown  in  Figure  1,  and  described  in  detail  in  Appendix  B. 

A  series  of  fine  nichrome  wire  heaters  were  installed  upstream  of 
the  matrix  to  heat  the  air.  Turning  off  the  heaters  provides  the  step 
change  in  temperature  of  the  air  without  disturbing  the  flow.  By 
referencing  the  thermocouples  downstream  of  the  matrix  to  the  thermo¬ 
couples  upstream  of  the  heaters,  the  initial  temperature  difference  can 
be  very  closely  controlled.  This  temperature  difference  is  continuously 
recorded  by  a  strip  chart  recorder  when  a  run  is  made.  This  recorded 
trace  has  the  distinct  advantage  in  that  there  is  no  transposition  of 
data  required  which  would  pioduce  increased  uncertainties.  Reduction  of 
the  data  follows  the  method  of  Locke  [10]  and  Howard  [5],  whereby  the 
of  the  surface  can  be  evaluated  by  determining  the  maximum  slope  of 
the  fluid  temperature  difference  versus  time  curve  during  the  cooling 
transient. 

Pressure  drop  data  for  evaluating  the  friction  factor  were  obtained 
from  static  pressure  taps  located  in  the  test  section  immediately  upstream 
and  downstream  of  the  matrix.  The  static  pressure  immediately  upstream 
of  the  matrix  was  also  recorded.  Velocity  profiles  were  taken  just 
upstream  of  the  matrix  to  assure  that  uniform  flow  conditions  were  being 
maintained  by  the  screen  pack  stralghtener  and  by  the  wire  heaters.  The 
flow  was  measured  by  an  A.S.M.E.  standard  D  and  D/2  orifice  meter  with 
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changeable  orifice  plates  [14],  and  was  located  downstream  of  the  test 
section.  Various  manometers  were  used  consistent  with  the  pressure 
range  encountered.  All  pressure  drop  data  for  evaluating  the  friction 
factor  were  taken  under  ambient  air  conditions  (i.e. ,  isothermal  flow). 
The  data  reduction  relationships  are  given  in  detail  in  Appendix  A. 

EXPERIMENTAL  UNCERTAINTIES 

The  experimental  uncertainties  can  be  considered  to  be  in  two  cate¬ 
gories.  First,  in  the  manner  in  which  the  experimental  gear  attempts  to 
meet  the  idealizations  of  the  experimental  method.  These  are  discussed 
in  detail  by  Howard  in  [4]  and  [5]. 

By  insuring  uniform  flow  to  the  matrix,  minimizing  the  temperature 
change  to  minimize  fluid  property  changes,  and  in  the  careful  design 
of  the  fluid  heater,  these  idealizations  are  met.  The  second  catagory 
can  be  grouped  in  three  areas: 

(1)  uncertainty  of  physical  constants, 

(2)  inaccuracy  in  the  geometric  measurements , and 

(3)  instrumentation  inaccuracies. 

For  the  determination  of  the  uncertainties  reported,  the  method  of  Kline 
and  McClintock  [9]  was  used. 

(1)  Values  for  the  physical  constants  required  were  obtained  from 
[1],  [2],  and  [3].  The  uncertainties  in  these  values,  as  best  as  can  be 
determined,  are  listed  below: 

c  *  0.5% 

s 

c  *  0.5% 

P 

Npr  *  2.0% 

kf  *  0.5% 


y  *  1.0% 
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It  is  noteworthy  that  the  accuracy  for  the  value  of  c  depends  upon 

s 

the  metal  used.  Where  pure  metals  are  used  the  accuracy  quoted  is 

feasible;  however, this  is  not  the  case  with  alloys.  Thus  the  tolerance 

of  c  can  be  a  major  cause  for  inaccuracy  [10]. 
s 

(2)  Due  to  inconsistencies  in  construction  of  the  matrices,  errors 
in  lineal  dimensions  are  considered  to  be  *  0.5%.  Inasmuch  as  the 
weight  of  the  matrix  can  be  determined  as  accurately  as  desired,  the 
error  in  W  is  considered  negligible.  Based  on  this,  the  uncertainties 

S 

in  geometric  measurements  are  considered  to  be  as  follows: 

A.  Afr,  Ac,  Ag,  Ak,  *  1.0% 

L  *  0.5% 

W  <  0.1%,  negligible 

s 

(3)  Instrumentation  inaccuracies  were  essentially  those  obtained 
in  pressure  measurement.  With  the  exception  of  the  temperature  measure¬ 
ment  at  the  orifice,  all  temperatures  recorded  were  temperature  dif¬ 
ferences  which  were  recorded  in  inches  (See  Appendix  A).  The  temperature 
measurement  at  the  orifice  was  obtained  by  a  copper-constantan  shielded 
thermocouple  which  was  read  by  a  Leeds  and  Northrup  portable  potentio¬ 
meter.  Assuming  adequate  manufacturer' s  calibration  of  the  thermocouple 
wire,  the  estimated  possible  error  is  1  one-half  of  the  smallest  division 
on  the  potentiometer,  or  1  0.0025  millivolts  which  is  approximately  *0.1*F. 

Since  the  range  of  pressures  varied,  requiring  several  different 

manometers,  the  maximum  uncertainty  encountered  was  used  in  the  uncertainty 

analysis.  These  values  are  listed  below: 

P  *  1.-25% 

o 

AP  *  1.25% 

o 

AP  *  1.70% 

a 

Patm  *  °‘0005"  h8  (negligible) 
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One  final  parameter  for  which  uncertainty  must  be  determined  before 
an  analysis  of  the  experimental  results  can  be  made  is  Inasmuch  as 

Colburn  j  factor  is  not  a  linear  function  of  Reynolds  number,  uncer¬ 
tainty  for  high  and  low  NR  values  was  considered.  Using  Figure  3-A 
of  reference  [4]  or  Figure  5  of  reference  [5]  and  the  uncertainty  in 
maximum  slope  as  2.0%  the  uncertainty  interval  using  reference  [9] 
in  the  Colburn  j  factor  varies  from  *  7.5%  at  high  Reynolds  Numbers  to 
4  10.2%  at  low  Reynolds  Numbers.  The  uncertainty  interval  for  Reynolds 
Number  is  4  2.3%,  and  for  the  friction  factor,  f,  the  uncertainty 
interval  is  4  4.3%. 

DISCUSSION  OF  RESULTS 

The  perforated  nickel  matrices  investigated  covered  a  wide  range  of 
percent  open  area,  12  to  50%.  Both  slotted  and  round  perforated  nickel 
surfaces  were  evaluated  for  the  "modified  parallel  plate"  geometry.  The 
perforated  nickel  geometric  properties  are  given  in  APPENDIX  C  for  the 
various  types  investigated.  In  order  to  make  a  reasonable  comparison  of 
the  performance  among  these  matrices,  the  same  frontal  area  and  flow 
length  were  specified.  Results  are  presented  in  Figures  9  and  10  and 
listed  in  TABLES  I  and  II  for  the  slotted  perforated  nickel  matrices; 
those  for  the  round  perforated  matrices  are  given  in  Figures  11,  12,  and 
13  and  tabulated  in  TABLES  III,  IV,  and  V. 

In  order  to  establish  a  meaningful  fiducial  point,  a  solid  nickel 
matrix  of  the  identical  material  (obtained  from  the  same  manufacturer) 
with  the  same  frontal  area  and  flow  length  as  the  perforated  matrices  was 
fabricated.  The  performance  of  this  matrix  is  illustrated  in  Figure  15 
with  tabular  values  given  in  TABLE  VII. 


* 
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The  best  performing  slotted  perforated  nickel  matrix  was  the  160/40Q. 
The  50G  round  perforated  nickel  (50%  open  area)  was  the  best  surface  in¬ 
vestigated  among  the  "parallel  plate"  nickel  matrices. 

A$  another  approach  to  evaluating  the  Colburn  j  factor,  j'  was  con¬ 
sidered.  The  parameter  j*  is  based  on  the  plane  surface  area.  A*,  as 
if  no  perforations  were  present;  whereas,  j  is  based  on  the  heat  transfer 
surface  area.  A,  which  includes  the  plate  solidity  correction,  s.  The 
value  of  j*  is  readily  attainable  from  the  relationship  j*  *  j  x  s, 
where  s  -  A/ A*.  (See  Appendix  D) .  The  determination  of  the  solidity 
is  fully  described  in  APPENDIX  C.  Figure  13  for  the  50G  perforated 
nickel  matrix  includes  the  values  for  j'  versus  Reynold's  number  in 
addition  to  the  f  and  j  values. 

A  comparison  of  the  performance  of  the  two  slotted  perforated 
matrices  together  with  the  solid  nickel  matrix  is  shown  in  Figure  19. 

A  similar  comparison  for  the  round  perforated  nickel  matrices  is  given 
in  Figure  20. 

It  is  readily  apparent  that  the  perforated  material  yields  a 
higher  heat  transfer  characteristic.  Inasmuch  as  the  friction  factor 
also  shows  an  increase,  a  more  appropriate  comparison  can  be  made  from 
the  flow  area  "goodness"  factor  curve  in  Figures  23  through  25.  The 
heat  transfer  power  (hgTD)  versus  flow  friction  power  (EgTD)  pe*  unit 
area  given  in  Figures  26  through  28,  is  another  "goodness"  factor 
evaluation.  Here  the  information  for  each  of  the  matrices  is  presented 
based  on  standard  conditions  for  fluid  properties  and  a  common  hydraulic 
diameter. (See  APPENDIX  A). 

So  that  an  appreciation  for  the  perforated  material  might  be  realised 
in  direct  transfer  type  of  heat  exchanger  application  in  addition  to  its 
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use  in  matrix  type  for  rotary  regenerators,  a  "parallel  plate"  matrix 
with  the  160/40TV  perforated  nickel  fins  and  solid  nickel  splitter  plates 
was  fabricated.  The  performance  of  this  matrix  is  given  in  graphical 
and  tabular  form  in  Figure  14  and  TABLE  VI.  A  comparison  with  the  solid 
nickel  matrix  is  made  in  Figure  21.  Figure  25  contains  the  j/f  presenta¬ 
tion  and  Figure  26  shows  the  hgTD  vs.  EgTD  for  this  matrix.  Here  again 
is  a  noticeable  increase  in  heat  transfer  performance,  but  with  a 
negligible  increase  in  friction  factor. 

For  the  160/40TV  perforated  nickel  material ,  a  20°  skew  matrix  was 
compared  in  performance  against  the  "modified  parallel  plate"  to  see 
how  these  two  configurations  compare  with  one  another.  The  separate 
performance  for  each  has  been  mentioned  previously;  however,  the 
direct  comparison  is  shown  in  Figure  22.  As  with  the  other  nickel  surfaces, 
the  flow  area  "goodness"  factor  is  represented  in  Figure  23. 

In  the  results  of  this  investigation  are  several  items  which  are 
general  in  nature,  but  nonetheless  extremely  important.  In  the  laminar 
Reynolds  number  range,  friction  factor  is  inversely  proportional  to 
Reynolds  number.  By  Reynolds  analogy,  it  was  anticipated  that  the  Colburn 
j  factor  should  likewise  be  inversely  proportional  to  Reynolds  msnber  in 
this  region.  However,  the  experimentally  obtained  values  of  j  in  the 
low  laminar  Reynolds  range  utilizing  the  equivalent  conduction  length 
(defined  in  APPENDIX  C)  together  with  Figure  2-A  of  [4)  or  Figure  4  of 
[5]  yielded  lower  than  anticipated  values  for  j.  Assuming  the  Reynolds 
analogy  to  hold  the  j  vs.  NR  experimental  curve  was  extrapolated,  shown 
as  a  dashed  line  on  the  Figures.  The  j  and  N  values  obtained  in  this 
manner  at  the  given  experimental  NR  are  asterisked  in  the  Tables. 
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The  second  Item  is  that  of  an  equivalent  conduction  length  which 
was  stated  earlier.  In  the  perforated  fin  material  the  slots  or  round 
holes,  as  the  case  may  be,  provide  for  a  winding  heat  flow  path.  It 
was  appreciated  that  the  matrix  flow  length,  L,  was  not  the  true  con¬ 
duction  path  but  somewhat  less  than  actual.  A  mean  conduction  path 
length  evaluation  is  presented  in  APPENDIX  C.  The  conduction  parameter, 
X,  based  on  the  flow  length,  L,  was  evaluated,  and  by  simply  multiply¬ 
ing  by  the  ratio  L/L^  (also  given  in  APPENDIX  C) ,  the  value  of  X^  was 
determined. 

The  entrance  and  exit  length  effects  for  a  matrix  with  a  small 
hydraulic  radius  are  small.  In  the  evaluation  for  Fanning  friction 
factor  (APPENDIX  A) ,  the  effects  of  exit  and  entrance  length  were 
considered  using  values  of  Kc  and  from  Figures  5-3,  -4,  or  -5  of 
reference  [8],  as  appropriate.  For  the  perforated  surfaces,  the  K  values 
were  taken  corresponding  to  laminar  flow  conditions. 

A  final  item  worth  mentioning  is  again  concerned  with  the  low 
Reynolds  range.  A  slight  alteration  in  the  conduction  parameter  value 
has  a  marked  effect  on  the  N^^  value  in  this  range.  For  this  reason, 
when  utilizing  a  nickel  material,  or  any  other  material  with  a  wide 
range  of  specified  values  for  thermal  conductivity,  it  is  mandatory 
that  the  appropriate  value  of  kg  be  obtained.  The  value  of  X  is 
directly  proportional  to  this  kg  value,  i.e.. 


CONCLUSIONS 


A  very  definite  improvement  in  performance  is  achieved  with  the 
utilization  of  a  perforated  material.  Kays  [6]  postulated  the 
improved  heat  transfer  characteristic  without  "a  large  amount  of 
form  drag  so  characteristic  of  high  performance  surfaces".  The 
perforations  apparently  disturb  the  thermal  boundary  layer  to  a 
much  greater  degree  than  the  hydrodynamic  boundary  layer.  The 
perforated  nickel  matrices  investigated  herein  confirm  Kays' 
hypothes is . 

The  experimentally  determined  Colburn  j  values  in  the  low 
Reynolds  range  were  lower  than  the  j  values  obtained  by  extrapolating 
the  j  versus  NR  curve  from  the  higher  Reynolds  range.  Because  of  the 
large  uncertainties  involved  in  the  lew  Reynolds  range  the  extra- 
polated  data  are  considered  more  reliable. 

Effects  of  longitudinal  conduction  have  been  considered  in 
the  analysis  of  data.  For  the  perforated  material  matrices,  correc¬ 
tions  for  the  actual  conduction  path  length  and  for  the  area  removed 
by  the  perforations  have  been  included. 

The  best  performance  for  a  perforated  "parallel  plate"  matrix 
was  attained  by  the  50G  type  material. 
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Section 


Matrix  Material 

160/40  TV 
Perf .Nickel 

160/40  Q 
Perf .Nickel 

Specific  Heat  (cs)  Btu/ib  F 

0.1065 

0.1065 

Thermal  Conductivity  (ka)  -itu/  nr  ft  F 

38.7 

38.7 

Material  Thickness,  ii.ct.es 

0.001* 

0.0016 

Total  Heat  Transfer  Area  (A)  ft* 

18.593 

16.2667 

Frontal  Area  (A.-r)  ft* 

O.Oo953 

0.06953 

Total  Conduction  Area  (Ak)  ft* 

0  .t A.  4*4 

0.002887 

Free  Flow  Area  (kr )  ft* 

0.053n 

0.06142 

Matrix  Volume  i  V.r )  ft  ”• 

0  .  0..*  tBS 

0.011588 

Matrix  Density  >  ^ -n)  . n/ft-‘ 

63.6 

59.2 

Hydraulic  Diameter  .Dr)  ft 

0.0^1929 

0.002028 

Compactness  ft--/  ft ' 

*  t'Oi* .  5 

1403.8 

Porosity  (p) 

o.S^O 

0.883 

Figure  .  Sees*- trie  •  inysicii  Properties  of  slotted 

Perf  r  .'■■■.  Mek-  .  TV  ;»tiu  160/40  Q) 

"r.«r  i .  .  .  .t  Matrices 


Best  Available  Copy 


Js 

% 


0 

~  3 

Matrix.  Material 

160/40  TV  Fins  - 
Solid  Nickel  Splitters 

Specific  Heat  (cg)  Btu/lb  °F 

0.1065 

Thermal  Conauctivity  (ks)  5tv/  nr  ft 

°F  38.7 

Fin  Thickness,  inches 

0.0022 

Splitter  Thickness,  incher 

0.0020 

Total  Heat  Transfer  Area  (A)  ft*" 

19.3084 

,  .  2 

Frontal  Area  (Afr)  ft 

0.06953 

Total  Conduction  Area  (A^)  ft*’ 

0.00689 

Free  Flow  Area  (Ac)  ft* 

0.05883 

Matrix  Volume  (Vm)  ft' 

0.011588 

Matrix  Density  (  ^  m)  lb/ ft-’ 

69.1 

Hydraulic  Diameter  (D^)  ft 

0.00194 

Compactness  (Q)  ft^/ft^ 

1666.2 

Porosity  (p) 

0.846 

Figure  5.  Geometric  and  Plysicai  properties  of  Slotted  Perforated 
Nickel  Fir;  (160/40  TV)  with  Solid  Splitters, "Parallel 
Plate"  Matrix 
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•  -  _  *  3  -  :  2  w 

-67  =  3 

3 

/-SS.  v.s.A.  ^ 

Matrix  Material 

Solid  Nickel 

Specific  Heat  (cs)  Btu/lb  °F 

0.1065 

Thermal  Conductivity  (ks)  Btu/  hr  ft  °F 

38.7 

Material  Thickness,  inches 

0.0020 

Total  Heat  Transfer  Area  (A)  ft2 

20.1875 

Frontal  Area  (Afr)  ft2 

0.06953 

Total  Conduction  Area  (As)  ft2 

0.01014 

Free  Flow  Area  (Ac)  ft2 

0.05939 

Matrix  Volume  (Vm)  ft^ 

0.011588 

Matrix  Density  (  9  m)  lb/ft-3 

77.7 

Hydraulic  Diameter  (Dh)  ft 

0.001961 

Compactness  ( Q )  ft2/ft^ 

1742.1 

Porosity  (p) 

0.854 

Figure  6.  Geometric  and  Physical  Properties  of  a 
Solid  Nickel  "Parallel  Plate"  Matrix 
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Matrix  Material 

20  Degree  Skew 
160/40  TV 

Perf .Nickel 

Specific  Heat  (cg)  Btu/ib  F 

0.1065 

Thermal  Conductivity  (ks)  Btu/  hr  ft  F 

38.7 

Material  Thickness,  inches 

0.0022 

Total  Heat  Transfer  Area  (A)  ft2 

15  .a 

Frontal  Area  (Afr)  ft2 

0.0734 

Total  Conduction  Area  (A^)  ft2 

0.00349 

free  Flow  Area  (Ac)  ft2 

0.06412 

Matrix  Volume  (Vm)  ft^ 

0.01211 

Matrix  Density  (^m)  lb/ft^ 

50.1 

Hydraulic  Diameter  (D^)  ft 

0.00252 

Compactness  ( $ )  ft2/ft^ 

1272.8 

Porosity  (p) 

0.873 

Figure  7.  Geometric  and  Physical  Properties  of  a  Slotted 
Perforated  Nickel  (I6O/4O  TV)  20°  Skew  Matrix 
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Figure  13.  Surface  Heat  Transfer  and  Friction  Data 
"Parallel  Plate",  50  G  Perforated  Nickel 
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Figuro  14.  Surface  Heat  Transfer  and  Friction  Data 

"Parallol  Plate",  I6O/4O  TV  Fins  with  Solid 
Nickel  Splitter  Plates 
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Figure  16.  Surface  Heat  Transfer  and  Friction  Data 
20*  Skew,  160/40  TV  Perforated  Nickel 
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Comparison  of  Slotted  Perforated  Nickel,  160/2*0  TV  vs 
Solid  Stainless  Steel,  20°  Skew  Matrices 
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Figure  20.  Comparison  of  Round  Perforated  vs.  Solid 
Nickel  "Parallel  Plate"  Matrices 
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Figure  21*  Comparison  of  Slotted  Perforated  Fin  with  Solid 

Nickel  Splitters  vs.  Solid  Nickel  "Parallel  Plate" 
Uatrices 


Goodness  Factors  for  the  Round  Perforated  Nickel  and  the  Solid  Nickel 
Parallel  Plate  Matrices 


Figure  26.  Heat  Transfer  Power  vs.  Flow  Friction  Power  per  Unit  Area 
for  the  Slotted  Perforated  Nickel  and  Solid  Nickel 
■J?  ’’Parallel  Plate”  Matrices 
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Heat  Transfer  Power  vs.  Flow  Friction  Power  per  Unit  Area 
for  the  Round  Perforated  Nickel  and  Solid  Nickel  "Parallel 
Plate"  Matrices 
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Figure  28.  Heat  Transfer  Power  vs.  Flow  Friction  Power  per  Unit  Area 
for  vthe  160/A0  TV  Perforated  Nickel  and  the  Solid 
Stainleas  Steel  20°  Skew  Uatricea 
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Figure  29.  Enlarged  Photograph  of  the  20°  Skew 
Matrix,  160/i,2  IV  perforated  Nickel 


Figure  30.  Enlarged  Pnotograph  of  the  Modified 
Parallel  Plate  Matrix,  160/40  TV 
Perforated  Nickel 
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Proa  Extrapolated  Values  of  j  versus  No  Curve 


TABLE  III  SUl'MARY  OF  HEAT  TRANSFER  AND  FRICTION  RESULTS: 

125  U  PERFORATED  NICKEL.  MODIFIED  PARALLEL  PLATE 
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TABLE  1  SUMMARY  OP  HEAT  TRANSFER  AND  FRICTION  RESULTS* 

50  G  PERFORATED  NICKEL,  MODIFIED  PARALLEL  PLATE 


I 


r 


*  ( 


CO  I 


s 


a: 


is 


n 


<o 

g 

§! 

o 


§ 

M  03 
H  O 
O  H 
H  O 

03  <! 

hi  hi 


I 


<0 

8 

cm 

o 


8 

o 


CM  t- 

>£>  O 
■8  Si 


s 

CM 

ri 


S3  '  <£ 
<0  © 
o  vs 
cm  <rv 


a 


a  r  a  8 

♦  •  *  • 


flO 

CA 

e—l 

rs 

o 

OS 

Mi 

i/s 

<T\ 

CM 

5 

5 

3 

SO 

CM 

H 

• 

vO 

Os 

CM 

• 

UN 

CK 

H 

• 

•  Os 

M 

H 

i 

• 

C- 

m 

4 

So 

H 

vO 

i/s 

so 

s 

$ 

• 

• 

* 

• 

• 

CM 

<A 

lA 

sO 

CO 

sO 

qs 

to 

9 

§ 

CM 

»A 

5 

SO 

H 

c> 

vO 

i/\ 

• 

O 

• 

vO 

• 

• 

C*- 

• 

«A 

* 

% 

fc 

• 

>A 

rl 

sO 

Os 

OS 

i 

si 

C«- 

«o 

<0 

c- 

H 

| 

§ 

5 

I/S 

•  - 

• 

• 

tt> 

•  . 

sO 

c- 

• 

H 

l/S 

Os  sO 
-tf  O' 

IA  Os 

& 

8 

3 

vs 

l> 

8 

IA  -il 
8  8 

1  1 

g 

§ 

$ 

c*a 

8 

ir\ 


*S  S  3  Sv  |  & 
d  s  s  n 


a 

8 

8 

K 

8 

5 

8  3 

p 

Si 

w> 

sO 

t*« 

$ 

w\ 

5 

$ 

to 

CA 

8 

8 

a  * 

£ 

«s 

i-4 

H 

CM 

CO 

UA 

SO 

P-  to 

Os 

3 

•3. 


X  . , 

r 


*  From  Extrapolated  Values  of  inversus  Nft.Cus?aw 


Is 

O  H  . 
tu  hi 


nO 

CA 

8 

cy 

H 

ca 

o 

£ 

IA 

Os 

NO 

O' 

CO 

CO 

cy 

CA 

CA 

3 

tv 

Xr 

o 

CO 

Sm 

(V 

rH 

o 

• 

o 

e 

o 

• 

o 

• 

O 

• 

o 

• 

r-4 
•  • 

cy 

e 

U\ 

its 

cy 

H 

-4 

CA 

CO 

CM 

Os 

o 

O' 

CO 

rl 

•4- 

o 

O 

• 

to 

8 

• 

s 

«A 

• 

sO 

CO 

cy 

& 

H 

• 

VA 

H 

rH 

•  • 

tr\ 

sQ 

• 

IA 

<A 

u\ 

H 

$ 

8 

8  S 

IA 

vO 

o 

& 

CA 

CA 

3 

ia  r- 

O' 

vO 

f-l 

IA 

cm 

OA 

CO  £? 

O'  05 

CO 

8 

8 

cy 

»  s  5 

CM  IA  lA 

CA 

5: 

CO  H 
IA  O 

5 

£ 

O* 

So  tt  CO 

£ 

r-- 

i." '  . 

4 

V 

v 


po}vO>OC\C,-QQ 

3  8  3  8/8838. 


vO  ca  c- 

IA  .  O'  CA 


.CM  . 
••I  ** 


i*  5; 
■50  <*\ 


*a  CO 


iiilili! 


j# 

1 

8  8 

S  3 

8 

tf  3 

i 

* 

IA 

CA 

C-  s5 

-Cf  n 

CM 

H  3 

• 

& 

H  CM 

CA 

IA 

« 

CA 

*  Proa  Extrapolated  Values  of  j  versus  NR  Curve 


§ 

3 

A 

o 

to 

sO 

O' 

H  tt! 

O 

O' 

H 

C V 

e'¬ 

H  O 

IA 

3 

<A 

O 

o 

en 

O  H 

CA 

•4 

IA 

c~ 

H  O  «H 

O 

o 

O 

o 

o 

o 

§2 

• 

• 

e 

• 

•  ■ 

• 

-4  O'  O 

&  8  W 

SO  o  <v 

N  4  O' 


i  is 

§  ll 

M  OS  2S 


o  o 
<M  C~ 


£  ft 


8 

1 

o 

■-4 

O 

iA 

o 

*A 

H 

3 
•  . 

£ 

• 

•  'O 

IA 

m 

o 

IA 

to 

-4 

t>- 

-4 

C" 

en 

vO 

e'¬ 

en 

-4 

N 

-4* 

H 

00 

-4 

o 

O' 

-4 

>A 

IA 

to 

s 

CA 

ca 

NO 

-4 

IA 

sO 

o 

8 

3 

d 

nO 

<v 

3 

8 

8 

A 

rH 

o 

H 

O 

* 

8 

* 

u\ 

O 

• 

w\  CM  CA  O  'O  Q  * 

O'  V\  (V  CN  PV  n5  »A  U\ 

•  •  •  •  ■  •  •  •  ♦ 
N  -<f  <0  O'  -4 


*  *  * 

1A  IA  4  vfl 

•  •  •  • 

e-  C' 

rH  N  -4  o 


a  w 

3  8  . 
:S  <3 


$  S 


(A  sO  »A  >0 


^  *4 

v\  v\ 


r  s  i  ^  g  s  K  a 


S*S 

tu 


a  s  ?  n  8  ?  niu 

88888888  388 


_t* 


*>  •*■> 
£ 


fA  nO  V> 

|  3 

8  8  Ho 


VA  Q  CA  «T\  «0  Q 

4>  Q  *A  Q  C*.  Q 

,-t  3  O'  3  H  « 

H  H  H  CV  (A  *4 

O  O  O  O  O  O 


II 

H  r\ 


8S«RS:«S8388 

ognHi»5» 


N(A4iA'0N«0>gf| 


Extr VM.UQ3  of  J  versus  Nft  Curve 


APPENDIX  A 


DATA  REDUCTION  RELATIONSHIPS 


Summarized  herein  are  those  data  reduction  relationships  which  are 
of  prime  importance  in  obtaining  the  heat  transfer  and  flow  friction 
characteristics  as  presented  from  the  raw  data  taken.  Before  the  data 
on  the  matrices  tested  can  be  reduced,  or  a  comparison  of  the  different 
matrices  can  be  made.  It  Is  essential  to  obtain  accurate  geometrical 
dimensions.  The  geometrical  factors  of  Interest  are  the  porosity,  p, 
the  hydraulic  diameter,  Dg,  and  the  area  compactness,  B.  Determination 
of  any  of  these  fixes  the  third  since  it  may  be  shown  [11]  that 


a 

%mi 

The  definitions  of  these  terms  are: 


(1)  P  “ 


Free  Flow  Area 
Frontal  Area 


‘fr 


m  n  »  x  Free  Flow  Area 

Heat  Transfer  Surface  Area  A 


o  .  Heat  Transfer  Surface  Area  m  A 
'  '  "  Frontal  Area  x  Flow  Length  A^L 


(A-l) 


(A-2) 

(A-3) 

(A-4) 


MAXIMUM  SLOPE 

The  maximum  slope  of  the  generalised  cooling  curve  is  a  unique 
function  of  end  X  [10]. 


t  and  N^  have  both  been  previously  defined,  but  for  convenience 
the  relationships  are  restated: 


♦<"tu’ 


X) 


(A-5) 
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Therefore 


l/BIu  ■  6 

and 

d(T/lW  *  “cp/wsc8)de  "  (c/cg)de 

Furthermore : 


Combining  (A-6)  and  (A-7) 


From  the  above  sketch 
(1)  dttf2~tfl] 


Chart  speed  “  d0’  8ec 
(3)  y  -  d(tf2-tfl),  Inches 


(4)  M  -  (t^-tj),  inches 

Combining  these  determined  values  into  (A-8)  yields: 


«t/nTu1 


V  - 

-JL  .  I  .  1  . 

C  M  X 


Chart  speed 


(A-9) 


With  this  value  of  maximum  slope  and  X  ■  r  "  ,  enter  TABLE  I 

r  me  L 

P 

or  Figure  4  of  Howard  [5]  or  Figure  2-A  of  Howard  [4]  to  obtain  a 
corresponding  N  value. 


MASS  RATE  OF  FLOW: 


The  mass  rate  of  flow  is  calculated  from  the  method  given  in  reference 

[14]  with  necessary  rearrangements  in  order  to  reduce  unnecessary  hand 

calculations  and  to  gain  the  full  benefits  of  Murdock  [13]: 

m  -  359Kd  2  F  Y/ApT  <A-10) 

o  a  o' 

where:  K  -  flow  coefficient,  including  velocity  of 

(J 

approach  *  ■  with  C  ■  orifice  coefficient  of 
discharge  (obtained  from  [13])  and 

ratio  of  orifice  diameter  to  internal  pipe  (pi«£t43) 
diameter,  dQ/d 

d  -  orifice  diameter,  inches 
o 

Ffl  ■  thermal  expansion  factor 

Y  ■  expansion  factor 

Y  ■  specific  weight  of  fluid  flowing  ■  tt  with  P  in  lbf/ft2. 
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R  -  53.35  (ft-lbf)/(lbm-“R) 

T  •  t(°F)  +  459.7  ■  degrees  Ranklne  (®R) 

APq  »  Pressure  drop  across  the  orifice,  inches  H^O  substituting 

p 

—  for  y,  since  the  magnitude  of  the  local  acceleration  of  gravity,  g, 
is  taken  as  being  equal  to  the  magnitude  of  standard  acceleration  of 


gravity,  g  ;  and  — — for  K  gives: 

C  /R 

•  359C  .2  _  V/Z  ~ 

m  -  — r  d  F  Y/AP  *  ~ 

/l-s?  0  ‘  0  111 


(A-ll) 


Inserting  the  ntimerical  value  for  R  and  converting  P  to  units  of 


lbf/in2  yields: 


•  589.81  Cd‘  F,Y 

hi  m  .  — 


y*.  •  - 


P(psia) 


(A-12) 


From  Figure  38,  reference  [14]:  F  »  1.00 

B 

From  Figure  40b,  reference  [14]:  Y  •  0.9985  *  1.0 

The  pressure,  P,  in  (A-12),  is  hereafter  referred  to  as  P^ 

and  is  determined  by  the  following  relationship: 

P,  ■  (P  -  P  /13.6)  0.4912,  lbf/in2 
j  atm  o 


(A-13) 


Where  P  .  is  the  atmospheric  pressure  in  Inches  of  mercury, 

SCO! 

Pq  is  the  static  pressure  upstream  of  the  orifice  in  Inches 
of  H20 

13.6  Inches  of  i^O/lnch  of  mercury 
0.4912  (lbf/ln2)/inch  of  mercury 

The  temperature,  T,  in  (A-12)  is  the  air  temperature  at  the 


orifice  in  degrees  Ranklne  (Tq): 


T  -  t  +  459.7 
o  o 


(A-14) 


Replacing  F#  and  Y  in  (A-12)  with  their  nusMrlcal  values,  the  equation 


reduces  to  the  working  form: 
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589.81  C  d2 
_  o 


£5 


'  AP  •  — 
o  T 

o 


lbm/hr 


(A-15) 


REYNOLDS  NUMBER: 


Reynolds  number  Is  defined  as: 


(A-16) 


where  G  Is  the  mass  flow  velocity  based  on  the  free  flow  area,  A 


„  m  a 

A  pA. 

c  r  fr 

Substituting  (A-17)  into  (A-16) : 

«  a 

R  "  wAfr  p  , 

But  from  (A-l)  D„/p  -  7  ,  therefore:  N  •  *»  \ ^ 

H  r  8  *  R  pAfr  8 


(A-17) 


(A->18) 

(A-19) 


Equation  (A-19)  shows  that  for  a  given  matrix  and  mass  flow  rate  the 
Reynolds  number  is  inversely  proportional  to  the  compactness.  Substi¬ 


tuting  (A-4)  into  (A-19)  yields  the  working  equation: 

„  _  4L& 


R  yA 


(A- 20) 


FANNING  FRICTION  FACTOR 


The  following  sketch  together  with  equation  (A-21)  describes  the 
flow  system  under  consideration:  [8] 


m0 

entrance  flow  core  exit 

effect  acceleration  friction  effect 


(Ar*  21) 
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It  is  important  to  note  that  v  «  v,  and  v,  as  v_  in  the  above 

a  i  b  i 

sketch  as  the  pressure  changes  (for  gas  flow  heat  exchanger  application) 
from  section  1  to  a  and  b  to  2,  respectively,  are  very  small  relative 
to  the  total  pressure.  Inasmuch  as  the  testing  is  performed  with  air 
at  moderate  temperatures  and  pressures,  the  perfect  gas  law  is  applicable 
CP  -  PRT). 

^  Dy  Ac  rfl  Ac 

Substituting  v  -  —  and  recalling  that  ~  ~  or  —  «  from 

equation  (A-3) ,  equation  (A-21)  solved  for  f  for  the  isothermal  case 


becomes : 

*-  [v  § w-28 

P1+P2 

where  pm  -  — with  the  upstream  values  subscripted  by  1  and  the 
downstream  subscripted  by  2.  &  is  the  entrance  coefficient  and  K  the 

exit  coefficient,  and  both  are  dependent  on  porosity,  shape  of  the  flow 
cross  section, and  the  matrix  Reynolds  number.  Values  of  K  and  K 

C  B 

are  obtained  from  Figures  5-3, -4,  -5  of  reference  {8]. 


L  AP 
Ugcpm 


If  we  consider  an  order  of  magnitude  approximation,  the  first  term 
in  (A-22)  is  by  far  the  greatest  contributor  to  friction  factor  for 
small  pressure  differentials. 

P.+P, 

The  approximation,  therefore,  that  ■  ^  ~  Pj 

reduces  (A-22)  to  the  following 

f  -  ^2gcoa  -  (Kg4*,)  ♦  (l+P2)]  £  (A-23) 

London  [11]  points  out  that  the  relationships  given  here  can  be 
recombined  in  such  a  manner  so  as  to  show  that  f  is  proportional  to  the 
porosity  cubed  end  Inversely  proportional  to  the  compactness  (f  a  p^/8). 


COLBURN  1  FACTOR; 


Colburn  j  factor  Is  defined  as: 

1  -  N  N  2/3  ■  -k-  N  2/3 
3  at"  Pr  Gc  Pr 

P 

Substituting  (A-17)  for  G  and  multiplying  by  A/A  yields 


but 


hA 

me 


1  2/3 
J  me  A  Pr 


Tu 


therefore : 

j  -  NT  “f  Np  2/3 

J  Tu  A  Pr 

Combining  equations  (A-l)  and  (A-3) : 


thus: 


L. 

BL 


J  "  «Tu  "pr 


2/3  1  * 
L  B 


(A- 24) 


(A-25) 


(A-26) 


(A-27) 


It  is  apparent  from  equation  (A-27)  that  the  Colburn  J  factor 
la  directly  proportional  to  porosity  and  inversely  proportional  to 
compactness  (jap/6). 


HEAT  TRANSFER  POWER  AND  FLOW  FRICTION  POWER: 

An  evaluation  of  the  heat  transfer  power  versus  flow  friction 
power  is  of  Interest  in  that  it  is  a  measure  of  relative  performance. 

The  heat  transfer  power  per  unit  area  per  degree  temperature 
difference  Is  [8) : 

h  •  7*375  fcl"*  <*-»> 

V 

Equation  (A- 28)  with  the  properties  evaluated  at  standard  conditions 
of  dry  air  at  500*P  and  one  atmosphere  becomes: 


hSTD  "  0.02195  (J-)  (NRj)  Btu/hr  ft2  *F  (A-29) 

H 

where 

c  -  0.2477  Btu/lbm  #F 
P 

Vi  •  0.0678  lbm/hr  ft 
p  -  0.0413  lbm/ft3 
Npr  -  0.671 

The  flow  friction  power  per  unit  area  is  [8]: 


When  equation  (A-30)  is  evaluated  at  standard  conditions  (w  and  p 
values  given  above) ,  the  flow  friction  power  per  unit  area  at  standard 
conditions  is :  3 

estd  ■  1,11  *  10’7(d^)  3  £  (two) 

For  comparison  purposes  the  surface  geometries  were  reduced  to  a 

-3 

common  hydraulic  diameter  of  DR  ■  2  x  10  ft. 
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APPENDIX  B 


DESCRIPTION  OF  EQUIPMENT 

Heat  transfer  data  was  obtained  utilizing  the  "single  blow" 
technique  which  consists  briefly  of  monitoring  the  fluid  temperature 
response  at  the  test  matrix  exit  while  subjecting  the  inlet  to  the  test 
matrix  to  a  step  change  in  fluid  temperature. 

Friction  factor  was  determined  from  pressure  drop  data  obtained 
from  static  pressure  taps  located  in  the  test  section  -  one  at  inlet , 
the  other  at  the  exit. 

Necessary  equipment  to  perform  such, an  experiment  falls  Into  one 
of  the  following  categories: 

(1)  Fluid  source 

(2)  Flow  metering  system 

(3)  Temperature  measuring  system 

(4)  Pressure  measuring  system 

(5)  Fluid  heater  systsm 

(6)  Matrix  holder  and  test  section  casing 

FLUID  SOURCE: 

Air,  the  working  fluid,  was  provided  to  the  test  apparatus  by 
connacting  the  rig  to  the  inlet  of  a  30 HP,  multistaga,  Spencer  Turbo- 
Compressor  rated  for  SSOcfm  operating  on  a  220  volt  a.c.  power  supply. 

FLOW  MBTKRIIB  STSTBt:  (See  Figure  1) 

The  flow  metering  system  consisted  of  an  ASKB  standard  orifice 
section  constructed  for  d  and  d/2  pressure  taps  in  a  3.08N  inside  diameter 
metal  tube.  [14).  A  wide  flow  range  was  obtained  by  utilising  thin 


plate  concentric  orifices  of  throat  diameter  2.310,  1.971,  1.232, 

1.540,  0.462,  and  0.308  inches  respectively. 

Control  of  the  pressure  drop  across  the  orifice  was  maintained  by 
a  gate  valve  downstream  of  the  apparatus,  ahead  of  the  compressor  inlet 
and  another  gate  valve  on  the  compressor  inlet.  The  blast  gate  on  the 
compressor  discharge  was  pre-set  so  that  the  unit  could  not  be  operated 
beyond  the  full  load  rating  of  the  turbo. 

TEMPERATURE  MEASURING  SYSTEM:  (See  Figure  1) 

The  majority  of  the  temperatures  were  measured  with  iron-constantan 
thermocouples.  These  thermocouples  use  iron  for  the  positive  conductor 
and  constantan  for  the  negative  conductor.  Measuring  T^  is  a  group  of 
five  thermocouples  in  series,  bound  together  and  Insulated  from  each 
other  by  teflon  tape  and  Inserted  in  a  1/8"  diameter  aluminum  tube  to 
serve  as  a  radiation  shield.  A  small  aperture  was  cut  in  the  inserted 
tube  facing  upstream.  T2  and  T^  are  five  wire  thermocouple  grids,  connec¬ 
ted  in  series,  mounted  permanently  in  the  test  section  casing.  T^  Is 
a  movable  five  wire  series  connected  thermocouple  grid  located  In  the 
matrix  holder  so  that  It  la  adjacent  to  the  downstream  side  of  the 
matrix.  The  purpose  of  connecting  the  thermocouples  In  series  was  to 
magnify  the  emf  output  so  that  the  Instrument  sensitivity  to  small 
temperature  changes  would  be  enhanced.  With  T2  bucked  against  T^,  It 
is  possible  to  determine  the  temperature  uniformity  across  the  matrix. 

Tj  versus  T^  Indicates  the  difference  between  upstream  and  downstream 
temperatures;  thus.  It  is  this  combination  which  is  used  to  record  the 
rate  of  change  of  upstream  and  downstremi  temperatures  with  time,  result¬ 
ing  from  the  step  change  in  fluid  temperature  upstream.  This  differential 
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is  recorded  on  a  Minneapolis-Honeywell  "Brown"  Recorder  and  serves  as 
the  primary  data  for  heat  transfer  evaluation  of  the  matrix.  The 
recorder  has  variable  chart  speeds  so  that  acceptable  cooling  curves  for 
maximum  slope  determination  can  be  generated.  This  instrument  has  a  span 
adjustment  which  permits  the  span  to  be  varied  continuously  from  the 
narrowest  to  the  widest  span  desired  from  0  to  55  millivolts.  For  the 
work  performed  herein,  the  recorder  was  precalibrated  for  a  0  -  3  milli¬ 
volt  scale.  This  unit  also  has  adjustable  supresslon  and  damping  adjust¬ 
ment  features.  The  damping  adjustment  provides  a  filter  network  for 
removing  a.c.  strays,  and  provides  correct  damping  so  that  neither  under* 
shoot  nor  overshoot  in  the  response  eurves  is  experienced. 

A  copper  constantan  thermocouple  was  inserted  into  the  duct  just 
ahead  of  the  orifice  to  measure  Tq,  orifice  temperature.  This  temperature 
was  read  in  millivolts  on  a  Rubicon  Company  Portable  Precision  Potentio¬ 
meter,  converted  to  degrees  Fahrenheit  and  recorded  for  each  run. 

A  copper  constantan  thermocouple  grid  was  inserted  in  place  of  T^ 
to  determine  the  temperature  distribution  across  the  cross  section  during 
initial  check  out  of  the  apparatus.  This  thermocouple  arrangement  was 
part  of  a  special  holder  lined  with  balsa  wood  to  provide  a  smooth, 
continuous  flow  passage,  which  also  contained  an  impact  tube  used  for 
checking  the  velocity  profiles  (See  Figure  33). 

PRESSURE  MEASURING  SYSTEM:  (See  Figure  1) 

Pressure  taps  are  located  upstream  and  downstream  of  the  matrix 
and  on  either  aide  of  the  orifice.  Each  tap  la  connected  to  an  approp¬ 
riate  manometer  or  draft  gage  via  Imperial  Company  "poly-flo"  tubing. 

Quick  closing  valves  were  installed  at  various  positions  in  the  line  to 
permit  isolation  of  sections  and  as  a  safety  feature. 
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The  following  instruments  were  utilized: 

(1)  Meriam  Instrument  Company,  0  -  50"  manometer 

(2)  Meriam  Instrvanent  Company,  -8"  to  +8"  manometer 

(3)  Ellison  Differential  Direct  Draft  Gages,  0  -  6",0  -  8" 

(4)  Ellison  Inclined  Draft  Gages,  0  -  0.5",  0  -  6". 

(5)  E.  Vernon  Hill  and  Company  Type  "C"  Micromanometer, 

0  -  1.25". 

Any  one  of  these  instruments  or  a  combination  can  be  used  to  measure  the 
differential  pressures  of  the  orifice  or  matrix  or  the  required  static 
pressures  -  upstream  of  matrix  and  upstream  of  the  orifice.  Cross  check¬ 
ing  of  the  various  instruments  assured  reliable  operation. 

FLUID  HEATER  SYSTEM:  (See  Figure  1) 

The  heater  section  is  comprised  of  28  nlchrome  wire  heaters  of 
0.0031"  diameter.  The  heater  system  was  designed  to  elevate  the  air 
temperature  20*F  above  ambient  for  a  mass  rate  of  flow  of  1000  lb/hour. 

The  nlchrome  material  was  selected  because  It  has  high  resistivity,  low 
thermal  conductivity  and  specific  heat,  and  has  a  very  small  time  constant 
so  that  it  permits  one  to  approach  the  idealised  step  function. 

The  wire  heaters  are  wound  two  to  a  bakellte  frame,  1/32"  between 
each  wire,  with  50  and  52  wires  respectively  to  each  heater  on  a  frame. 
These  heaters  are  connected  In  parallel,  than  via  a  switch  to  a  variable 
voltage  bus.  The  heater  frame  and  Its  electrical  connections  are  apparent 
in  Figures  34  and  35. 

A  schematic  wiring  diagram  for  one  of  the  two  heater  complexes  Is 
shown  below.  A  total  of  14  frames  are  wired  In  this  fashion,  thereby 
putting  all  28  heaters  In  parallel,  permitting  two  to  be  switched  on  or 
off  at  a  time. 
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The  ntraber  of  heaters  in  use  decreases  as  flaw  rate  decreases.  The 
necessary  voltage  variations  are  obtainable  by  a  General  Radio  Company 
Type  W20HM  "Varlac"  Autotransformer,  0  -  280  volt,  8  amp  load  from  a 
240  volt  50  -  60  cycle  line. 

MATRIX  HOLDER  AND  TEST  SECTION ;  (See  Figures  31,  32,  and  35) 

The  matrix  holder  and  teat  section  are  made  of  polyethylene  plastic. 
The  teat  section  casing  holds  the  T.  and  T^  thermocouple  grids  permanently 
mounted,  as  well  as  the  upstream  and  downstream  static  pressure  taps 
required  for  determining  friction  factor.  All  parts  were  machined  to 
close  tolerance  to  assure  a  snug  fit  f of- the  matrix  holder  and  to  guaran¬ 
tee  good  alignment  of  the  flow  channel  through  the  heater  and  test  sec- 
tlons.  The  flow  channel  is  3  -  3/16"  x  3  -  3/16"  and  matrices  of  flow 
lengths  up  to  3"  may  be  tasted.  As  mentioned  previously  under  Temperature 
Measuring  System,  the  T^  thermocouple  grid  is  located  in  the  matrix  holder. 

Correct  positioning  of  th*  test  matrices  in  the  flow  channel  is 
ensured  by  using  styrofoam  plastic  inserts.  The  inlet  cone  and  stainless 
steel  60  mesh  screen  employed  provided  a  tmiform  velocity  to  the  heater 
section. 
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APPENDIX  C 


PERFORATED  NICKEL  GEOMETRIC  PROPERTIES 

The  material  used  in  the  perforated  plate  matrices  was  pure  nickel, 
electro-deposited  sheet  of  integral  structure  manufactured  by  Perforated 
Products,  Incorporated.  Types  160/40TV,  160/40Q,  50G,  125M  and  125P 
were  utilized  in  the  matrices  -  the  first  two  of  these  having  slotted 
openings  and  the  remaining  three  having  round  openings.  A  brief  des¬ 
cription  of  each  of  the  aforementioned  types  as  specified  by  the  manu¬ 
facturer  is  set  forth  in  Table  C-l. 

Inasmuch  as  the  perforations  in  all  cases  were  conical,  the  use  of 
the  average  slot  length  or  average  hole  diameter  was  considered  a 
propos .  Close  examination  of  each  of  the  different  types  revealed  that 
this  average  value  was  somewhat  less  than  the  dimensions  specified  by  the 
manufacturer  in  each  case.  In  addition  to  the  requirement  for  determin¬ 
ing  porosity  of  the  plate,  a  correction  for  the  Increased  longitudinal 
conduction  length  due  to  the  perforations  as  well  as  a  correction  to 
the  solid  conduction  cross-sectional  area  was  performed.  The  following 
Idealised  patterns  for  each  type  used,  best  illustrate  these  corrections. 
160/40TV 
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~<r/ 


Cross  Hatched  Area,  -  (.0063) (.025)  ■  .0001575  In. 

0 

Slotted  Area,  A  j,  in  Afih  -  (.0008) (.0155)  -  .0000124  in.' 
Plate  Porosity,  the  fraction  of  open  or  slotted  area. 


Solidity,  s,  is  1  -  v  ■  1  -  7 — 

ch 

.0000124  . 

•  ’  1  ‘  .0001575  '  °'5212 


L-.oo9;%| 


.00#'  - 


(*.  .0I2?*_^J 


L.  ,  coneuction  path  length,  «  0.0125  +  0.0063  »  0.0188" 
Ki 


_i  .0063 
Lk  "  .0188 


-  0.3351 


The  solid  cross  sectional  area  for  heat  conduction,  A^  varies  along 

the  path  length.  The  area,  A^,  selected  was  the  cross  sectional  area 

between  the  slots  nonnal  to  the  flow  direction,  l.e. , 

A.  -  (0.0095) (0.0022)  -  0.0000209  in.2 
i 

Just  as  L  ■  EL^  where  L  is  the  total  matrix  flow  length  and 
is  the  flow  length  between  two  successive  perforations;  so  does  ■  EL^ 

and  »  EA^  .  In  evaluating  A^,  a  conduction  area  reduction  ratio 

t.  tmni nvuA  ,n a  t.  r  .  cr0,$  sectional  area  of  perforations 

...  employed  and  is  defined  as  c  cross  sectional  area 

therefore,  A^,  is  the  solid  cross  sectional  area  multiplied  by  1  -  C 

ii6«  | 


* 


-  0,00424  ft,2 

160/400. 


Ach  "  ( • °063) (.025)  -  .0001575  in . 
Agl  -  (.0019) (.0161)  -  .00003059  in. 
v  ■  .1942 
s  -  .8058 

7“  -  0.3351,  same  as  160/40TV 


C  -  .655 

•  -  A  (1-0  -  .002887  ft.1 

K  8 


0.19466 
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The  equivalent  conduction  length,  Li.  ,  is  computed  in  the  case  of 

1  2irrk 

round  perforations  assuming  the  path  to  be  as  shown  above,  i.e. ,  — — 


where  r^  is  the  radial  distance  equal  to  one-half  the  center  to  center 
distance.  Thus 

1^  -  yL  .  .00827" 


and 


1  a  ,00684  ^  Q9 
1^  .00827  -82709 


is  determined  as  in  the  case  of  the  slotted  perforations. 

m  diem,  of  hole  x  plate  thickness 

*  "  center  to  center  distance  x  plate  thickness 


<.003661 (.0016) 

"  (.0079) (.0016)  " 

Therefore,  A^  •  Ag  (1-0  ■ 

-  .6268  in.2 


.4633 

1.1679  in.2  (1-.4633) 
-  .00435  ft.2 


A  .  -  (.00684) (.0079)  -  .00005404  in 
cn 

Ahoie  •  J  (*00291) 2  -  .00000665 
v  -  0.12307 
s  -  0.8769 
-  .00827" 

506 


Ak  -  Ag(l-C)  -  .00640  ft' 
—=—  -  .82709 

ha 

C  »  0.3684 


Ach  * 

Ahol#  -  j(.0l38)2  -  .00014957  in.' 

v  -  .44504 

■  -  .55496 

Lu  •  .02063" 

^i 


-  .0\ToUm 


ri*  -  .82697 


C  -  .7005 
A,  -  A.(l-C)  - 


.00243  ft.' 
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APPENDIX  D 


SAMPLE  CALCULATIONS 

The  following  sample  calculations  are  based  on  data  obtained  from 
Run  #1  for  the  modified  parallel  plate  matrix  constructed  from  the 
160/40Q  perforated  nickel  material.  The  basic  geometric  parameters  are 
illustrated  in  Appendix  A. 

Prior  to  the  reduction  of  data,  several  fixed  parameters  must  be 
evaluated. 

DIMENSIONS  OF  FINNED  SHEETS:  3.9375"  x  2.00"  x  .0016" 
(before  forming) 

DIMENSIONS  OF  SPLITTER  PLATES:  3.1875"  x  2.00"  x  0016" 
NUMBER  OF  FINNED  SHEETS:  102 
NUMBER  OF  SPLITTER  PLATES:  103 

HEIGHT  OF  MATRIX:  311.0979  gms/453.6  gm/lb  -  0.68584  lb. 
MATERIAL  CONSTANTS: 

k  *  38.7  Btu/hr  -*F  -  ft 
c  •  0.1065  Btu/lb  -  *F 

B 

p  -  0.321  lb/in3  -  554.7  lb/ft3 
PLANE  SURFACE  AREA,  A*,  -  ( 9 . 
20.1875  ft2 

HEAT  TRANSFER  AREA,  A,  -  PLANE  SURFACE  AREA  x  SOLIDITY 

A  -  A*s 

-  (20.1875) (.8058) 

A  ■  16.2667  ft2  | 

FRONTAL  AREA,  Afr,  -  3.141"  x  3.1875"-  10.012  in2 
j  Afr  -  0.06953  ft2 
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It  has  been  shown  in  Appendix  A;  however,  that  this  can  be  alternately 


expressed  as: 


Inasmuch  as  the  perforations  have  no  effect  on  the  hydraulic  diameter 


the  value  of  0  rather  than  0  is  used. 

D  (4)  (0.8834)  „ 
°H  (1742.1) 


Now  we  are  in  a  position  to  reduce  the  data.  The  following 


presentation  outlines  the  steps  required. 


0.002028  ft 


RECORDED  DATA: 

d  -  2.310" 
o 

AP  -  6.69  in  H,0 

O  l 

AP  -  10.15  in  H-0 
m  i 

Pg  -  10.65  in  H20 

P  -  20.80  in  H-0 
o  2 

DETERMINATION  OF  MASS  RATE  OF  FLOW: 
•  589.81  Fa  Y  d£  C  ab.Ii 

B  fcjj  •  T. 


T  -  69.9  *F 
o 

P.  “  30.140  in  Hg. 
atm  w 

Chart  Speed  ->  4  in/sec. 

V4"'!^*0-75 

(See  Appendix  A) 


where : 


from  reference  [13] 


P,  -  (P  -  -  P  /13.6)  0.4912;  T  -  t  (*F)  +  459.7 

3  Km  O  OO 

Y  ■  1.0  Fig.  40b  of  Reference  [14] 


Fft  ■  1.0  Fig.  30  of  Reference  [14] 

For  0.75  and  d  ■  3.08",  CQ  ■  0.60691  and  AC  ■  0.03839,  respectively. 
P3  -  30.140  -  *  0.4912  -  14.Q537  pai 


SOLID  MATRIX  CROSS  SECTIONAL  AREA,  A  , 

s 


A 

s 

-  102  x  3.9375 

-  1.1679  in2 

[7 

-  0.00811  ft2 

L  _L 

l  FLOW  AREA,  A  ,  - 
*  c* 

A 

■  A,  -  A 

c 

fr  s 

[7 

-  0.06142  ft2 

CONDUCTION  AREA  CORRECTED  FOR  EFFECTS  OF  PERFORATIONS,  Afe, 

A,  «  A  (1-0  where  £  Is  the  conduction  area  reduction 
8  ratio  (See  Appendix  C). 

-  0.00811  (1-0.644) 


0.00288  ft 


nnuncTTV  «  MATRIX  FLOW  VOID  VOLUME  _  Vin-Vs 
FOKUbi.il,  p,  MATRIX  VOLUME  Vim 


i  .a 

1  Vm 


1  - 


0.8834 


COMPACTNESS,  1 


0.00135 
0.01159 
TOTAL  HEAT  TRANSFER  AREA 
MATRIX  VOLUME 


A_  16.2667 
Vm  "  0.01159 


1403.75  ft2/ft3 


Note  that  8  Includes  the  effect  of  area  reduction  due  to  perforations. 

8  for  an  unperforated  surface  would  therefore  simply  be  the  plane 

surface  area  divided  by  the  matrix  volume. 

8  ■  —  ■  ~ •AQZA  .  1749  1  ft2/ft3 
0  Vta  0.01159  1742,1  £t  /Et 

4  FLOW  CROSS  SECTIONAL  AREA 

1H!  HYDRAULIC  DIAMETER.  D„,  -  Ath  -  "JgtgB)  PERIMETER 


T  -  69.0  +  459.7  -  528.7  *R 
o 

.  (589.81K2.310)2  , 

/I  -  (0.75V* 

&  -  1605.242  C 
assume  C  ■  0.6000 
then  m  »  963.145  lbm/hr 
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t 


c 


C  +  AC 
o 


104 


N 


R(do) 


Where  NR(do) 


(3.1416)  (3.08)ii 

4.961  - 
V 


y  is  evaluated  at  temperature  tQ  by  means  of  the  linear  approxima¬ 
tion  y  -  0.0395  +  0.64167  x  10~4  t  -  0.0395  +  0.64167  x  10-4(69.0) 

o 

-  0.04392  lbm/hr  ft 


therefore, 

C  -  0.60691  +  0.03839 
C  -  0.6104 


(104) (0.04392) 
(4.961) (963.145) 


This  value  of  C  is  compared  with  the  assumed  value  of  C  and 
successive  Iterations  are  performed  until  the  two  values  are  equal. 
The  iterative  process  shows  that  a  value  of  C  -  0.6172  satisfies 
this  requirement  and  thus 

m  »  990.756  lbm/hr 

MATRIX  REYNOLDS  NUMBERS: 


Two  values  for  Reynolds  number  are  required,  one  for  the  isothermal 

flow  friction  factor  evaluation  and  second  for  the  heat  transfer 

evaluation.  The  two  values  differ  only  in  so  far  as  the  difference 

in  the  absolute  viscosities,  y^  is  evaluated  at  orifice  tempereture 

(t  )  whereas  y_  (heat  transfer)  is  evaluated  at  average  bulk  fluid 
O  n 

temperature  which  is  assumed  to  be  at  tQ  +  10*F. 


*f 

41 A 
**■ 


wrfwo.756) .  f^T 
(16.2667) (.04392)  ' - 


924  54  (*04391) 
(.04456) 


911.23 
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CONDUCTION  PARAMETER: 

x  .  iA  . _ (38. 7)  (0.00288)  . 

A  Lie  (2/12)(990.756)  (.24)  0,00282 

P 

Xfe-  X--  ;  ~  ■  0.3351  from  Appendix  C. 

“k  1c 

therefore 


(.00282) (.3351) 


0.000944 


MAXIMUM  SLOPE: 

The  slope  of  the  cooling  curve  was  determined  by  the  method 
prescribed  In  Appendix  A  from  Figure  36.  Slopes  were  determined 
for  each  of  the  curves  and  the  average  value  was  used. 

MAXIMUM  SLOPE  -  —  fel  -  x  SLOPE  x  CHART  SPEED 


*•  -*  max 

C  -  W  c  -  (0.68584  lb) (0.1065  Btu/lbm  *F)  -  0.07304 

8  S  S 

C  -  me  -  (990.756  lb/hr) (0.24  Btu/lbm  *F)(1  hr/3600  sec)  -  0.06605. 
P 


SLOPE  -  0.14357  (See  Figure  36) 


whence  t 


MAXIMUM  SLOPE  -  (0.14357)  (4)  - 


0.63507 


COLBURN  1  FACTOR: 

Enter  Table  1  or  Figure  4  of  Howard  [5]  or  Figure  2-A  of  Howard 
[4]  with  the  values  of  X^  and  MAXIMUM  SLOPE  to  determine  N^  ■  4.05. 
Linear  Interpolation  from  this  table  la  sufficient. 

J  “  Nju  A^  NPR2/3  fro"  APPtndl*  A» 

■  0.8017  -  0.82353  x  10~*  tQ  using  a  linear  approximation; 
therefore 


3  •  <‘-05>  $$$}  <•”“> 


0.01217 


FANNING  FRICTION  FACTOR: 

From  Appendix  A,  the  friction  factor  1st 


f  -  Qso.  §f  -  -  r1-  «♦**>]  ? 


mean 
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t 


14.8048  psl 


p«»  ■  30-140  ln  «*  *  °-4912  - 

P_  -  10.65  in  H.O  x  5.204  -  55.42  psf  -  0.3849  psi 

8  4  in  nAJ 

P  -  10.15  in  H,0  x  5.204  -j-2—  -  52.82  psf  -  0.3668  psi 

m  4  m 

P.  -  P  „  -  P  -  14.8048  -  0.3849  -  14.4199  psi 
1  atm  s  r 

P,  -  P,  -  AP  -  14.4199  -  0.3668  -  14.0531  psi 
z  i  m 


mean 


mean 


P  +P 
1  2 


mean 


•  14.2365  psi 
(144) 


R(t  +459.7)  (53. 35) (528. 7) 

o 


0.07268  lbm/ft3 


G  “  A"  "  0^06142  "  16130*84  iWhr  ft2  -  4.481  lbm/sec  ft2 
c 


_H  0.000507 
L  "  2/12 


-  0.00304 


K  ■  0.48  and  K  ■  -0.33  from  Figure  5-3  of  reference  [8]. 
c  e 

(1+p2)  -1+  (0.8834) 2  -  1.7804 

t  .[»)<», 2HM.7268) (52.821  .  (0,tg.0,33)  .  -Ug|_  (l.7(1M>]* 
(0.00304) 


-  (12.3126  -  0.150  -  0.04587) (0.00304) 
f  -  0.03686 

2/3 

The  thermal  properties,  v  and  NpR  ,  were  obtained  by  linear 
Interpolation  of  data  from  reference  [3].  The  values  of  k#  and  c# 
were  obtained  directly  from  references  [2]  and  (1]  for  nickel  and 
stainless  steel  respectively. 


81 


t 


\ 


UNCLASSIFIED 


1 


Security  Classification 


DOCUMIHT  CONTROL  DATA  •  RAD 

(taaurtty  BlaatlHeallm  a!  Otto,  W Ur  at  aUatmat  amt  tataatat  mmU* 


jha  wiwll  mpati  la  a btiMN) 


i.  orioin 


ACTIVITY  fCt^mn  wKkI 


U.  S.  Naval  Postgraduate  School 
Monterey,  California 


I*.  ASSORT  SSCURITY  C  LAMIPICATISM 


unclassified 


a*.  saour 
_ X. 


>.  RSROAT  TITLS 


Heat  Transfer  and  Flew  Friction  Characteristics  of  Perforated  Nickel  Plate- 
Fin  Type  Heat  Transfer  Surfaces. 


4-  DSICAIRTIVS  HOTS!  (Typt  a I  rapart  tnd  Inchialra  Ualaa) 


Task  Progress.  January  1964  -  June  1965. 

.  initial; 


Task.  Progress. 

AUTHOR!*)  CLamt  namt,  Ural 

Bannon,  J.  M. 
Plersall,  C.  H. ,  Jr. 
Pucci,  P.  F. _ 


«.  RSRO  NT  OATS 

30  June  1965 


•  a.  CONTRACT  OR  OR  ANT  NO. 


A  RROJKCT  NO. 


la. 


97 


JA  NO.  OR  Rin 

14 


•  a.  ORIOIN ATOR*t  RSROAT  NUMRSRfl) 


TR  -  52 


sa 


RSROAT  NOfI)  (day  attar 


1 10.  A  VA  It  ABILITY /LIMITATION  NOTICSS 

- - 

"Qualified  requesters  may  obtain  copies  of  this  report  from  DDC." 

II.  SURRLSMCNTANY  ROTS* 

IS.  IRON  SONINS  MILITARY  ACTIVITY 

•V* 

Bureau  of  Ships  -  Code  645 

II-  ABSTNACT 

Experimental  results  for  the  convective  heat  transfer  and  flow  friction  charac¬ 
teristics  of  plate-fin  type  heat  transfer  surfaces  are  prfsented  for  sight  surfaces. 
Six  surfacss  wars  fabrlcatsd  of  parforstsd  nlcksl  plats,  ons  perforated  nickel  fins 
#lth  solid  nickel  plets  splitters  and  one  of  solid  nlcksl  plats.  The  heat  transfer 
lata  were  obtained  by  the  transient  technique  and  Includes  the  effect  of  longi¬ 
tudinal  conduction. 


DD 


FOM 

t  JAM  14 


1473 


imniinm 


*v 


82 


Securi^  CleaetAeattoa 


\V 


* 


Security  Clualficution 


KEY  WORD* 


LINK  B  f  LINK  C 


NT  I  NOLI  |  NT  |  NOLI  [  NT 


Heat  Exchangers 
Heat  Transfer  Surfaces 
Regenerators 
Recuperators 


INSTRUCTIONS 


1.  ORIGINATING  ACTIVITY:  Enter  tho  onto  and  address 
of  liw  contractor,  oubcootractor,  grantee,  D  opart  moot  of  De- 
fmso  activity  or  other  organisation  (corporal*  author)  issuing 
tba  report. 

2a.  REPORT  SECUHTY  CLASSIFICATION:  Enter  tho  over¬ 
all  aacurlty  classification  of  tba  report.  Indicate  whether 
"Restricted  Data"  la  Included  Marking  la  to  be  In  accord¬ 
ance  with  appropriate  aacurlty  regulations. 

2b.  GROUP:  Automatic  downgrading  la  specified  in  DoD  Di¬ 
rective  5200. 10  and  Armed  Pore aa  Industrial  Manual.  Enter 
the  group  number.  Alao,  whan  applicable,  ahow  that  optional 
markings  have  been  uaed  for  Group  3  and  Group  4  aa  author¬ 
ised. 

3.  REPORT  TITLE:  Eater  the  complete  report  title  In  all 
capital  letters.  Titles  In  all  cases  should  be  unclassified. 

If  a  meaningful  title  cannot  be  selected  without  classifica¬ 
tion,  show  title  classification  In  all  capitals  in  parenthosls 
Immediately  following  the  title. 

4.  DESCRIPTIVE  NOTES  If  appropriate,  enter  Urn  type  of 
report,  e.g.,  Interim,  progress,  summary,  annual,  or  final. 

Give  the  Inclusive  dates  when  a  specific  reporting  period  la 
covered. 

5.  AUTHOR!!):  Enter  the  nams(a)  of  author! ■)  aa  shown  on 
or  la  the  r sport.  Enter  last  name,  first  name,  middle  initial. 

If  military,  ahow  rank  and  branch  of  service.  The  name  of 
the  principal  author  la  an  absolute  minimum  requirement. 

6.  REPORT  DATE:  Eater  the  data  of  the  report  aa  day, 
month,  yean  or  month,  yoan  If  more  than  one  data  appears 
on  the  report,  uao  date  of  publication. 

7a.  TOTAL  NUMBER  OP  PAGES  Tha  total  page  count 
Should  follow  normal  pagination  procedures,  La.,  enter  the 
number  of  pages  containing  Information. 

7b.  NUMBER  OF  REFERENCES  Enter  the  tot  si  number  of 
references  cited  In  the  report. 

la  CONTRACT  OR  GRANT  NUMBER:  If  appropriate,  enter 
tha  applicable  number  of  tha  contract  or  grant  under  which 
the  report  was  written. 

•b,  Sc,  S  Id.  PROJECT  NUMBER:  Enter  the  appropriate 
military  department  identification,  ouch  aa  project  number, 
subproject  north ar,  system  numbers,  task  number,  ate, 

9a.  ORIGINATOR'S  REPORT  NUMBBR(S):  Enter  the  offi¬ 
cial  report  number  by  which  the  document  will  bo  Identified 
and  controlled  by  the  originating  activity.  This  number  meet 
be  unique  to  this  report, 

9b.  OTHER  REPORT  NUMBER(»):  If  the  report  hae  bean 
assigned  any  other  report  numbers  (either  by  tha  originator 
or  by  the  aponaor),  also  enter  thie  number! a). 

10.  AVAILABILITY/LIMITATION  NOTICE*  Eater  any  lim¬ 
itations  an  further  dlaaamlaatlan  of  tha  report,  other  thaa  thaw 


imposed  by  security  classification,  using  standard  atetemanta 
such  as: 

(1)  "Qualified  requesters  may  obtain  copies  of  this 
report  from  DDC.” 

(2)  "Foreign  announcomant  and  dissemination  of  tide 
report  by  DDC  la  eat  authorised, " 

(3)  “U.  *  Government  agencies  may  obtain  copies  ef 
this  report  directly  from  DDC.  Other  qualified  DOC 
users  shall  request  through 


(4)  "U.  S  military  agencies  may  obtain  copies  of  this 
report  directly  from  DDC  Other  qualified  sears 
shall  request  through 


(5)  "All  distribution  of  thie  report  la  controlled,  Qual¬ 
ified  DDC  users  shall  request  through 


If  the  report  has  bean  famished  to  the  Office  of  Technical 
Services,  Department  of  Commerce,  for  sale  to  the  pirtllc,  Indi¬ 
cate  this  fact  and  enter  tba  price,  If  known. 

1L  SUPPLEMENTARY  NOTES  Use  for  additional  esplaua- 
tory  notes. 

IX  SPONSORING  MILITARY  ACTIVITY!  Brtar  the  anas  ef 
tha  depart  mental  project  office  or  laboratory  spoanotiag  (pay 
ing  tor)  tba  research  and  development.  Include  adrtresm 


13.  ABSTRACT:  Enter  an  a  be  tract  giving  a  brief  and  lacteal 
summary  of  the  document  Indicative  of  the  report  oven  though 
it  may  also  appear  elsewhere  la  the  body  of  tbs  technical  re¬ 
port.  If  additional  space  la  required,  a  eantiauattan  sheet  ehall 1 
be  attached. 

It  Is  highly  desirable  that  Mm  aba  treat  of  classified  is  pc  tie 
be  unclassified.  Each  paragraph  ef  the  ebe tract  shall  and  with 
an  Indication  of  the  military  security  classification  of  tfa  in¬ 
formation  In  the  paragraph,  represented  aa  fr»,  (t).  (C>,  «r  (V). 

Thera  is  no  limitation  aa  tha  length  ef  tha  shatrant  Bam-  ‘ 
aver,  tha  suggested  length  la  Sam  ISO  to  221  words. 


14.  KEY  WORDS:  Kay 


are  technically 


or  short  phrases  that  characterise  a  report  and  mey  be"  need  no 
iados  so  trios  fur  cataloging  tho  report  Eoy  word*  moot  ho 
selected  ao  that  no  security  classifies  ties  la  requited.  Idaati- 
fieri,  such  as  Helpmeet  medal  daatmiatlsn,  trade  name,  falitm 
project  coda  same,  geographic  location,  any  ha  need  aa  hay 
words  but  will  bo  followed  by  on  tedicattor  of  tenbrtnel  nea¬ 
test.  The  assignment  of  links, 


i  required.  Idaati- 
trade  name,  military 


».  may  ba  used  aa  bay 
a  tier,  of  tochaloal  can- 
and  waists  Is  optional 


